A kinetic measurement of the red cell deformability is devel-
The importance of the red cell deformability in the blood circulation has been frequently discussed (CHIEN, 1975; SCHMID-SCHONBEIN, 1976; STOLTZ and VIGNE-RON, 1976) , i. e., (i) the red cells must be deformed in order to pass through a capillary narrower than their diameter and (ii) the red cells are deformed under high shear stress so as to reduce the blood viscosity. Therefore, a number of techniques have been developed to determine deformability. Some of them need complicated apparatus and/or require elaborate manipulation. Further, it is recognized that the physical meaning of the determined parameters sometimes differs from one method to another because of the complexity of the subject. Thus, at the present stage it is necessary that a newly developed method be tested in order to analyze the factors affecting red cell deformability.
Among the various methods, the micropipette aspiration technique (MITCHI-SON and SWANN, 1954) has been successfully applied to the red cells by RAND and BURTON (1964) and by JAY (1973) , then refined by EVANS (1973) . Their methods analyze the relation between the applied negative pressure and the cell deformation, thus they are suitable for determining mainly membrane viscoelasticity (EvANs and LA CELLE, 1975) .
On the other hand, BRAASCH (1971) has introduced a simple micropipette aspiration technique by which the "easiness" of the cell aspiration and the passage time can be visualized on the oscilloscope. Later, SCHLICK and SCHMID- SCHON-BEIN (1975) made a one-hole filtration apparatus, combining the classic filtration technique of TEITEL (1967) and the method of BRAASCH (1971) , which gives a practically useful but physically complex parameter of the "deformability." An additional feature of these micropipette techniques is the ability to determine the parameters for the individual red cells under microscope, allowing the statistical distribution of the parameters to be obtained.
In the present paper, a modified micropipette aspiration technique will be described. It is essentially an extension of the Braasch's method, but gives a kinetic measure reflecting the red cell properties. In order to test the validity of the technique, some additional experiments were carried out, e.g., the effects of temperature and cell hardening and the influences of cell aging. Further, the measurement expressing the "easiness to deform" may be related to the Young's modulus of the membrane, if a few assumptions are accepted. shape in the outside and inside of pipette was hemispheric and finger-like, respectively. 4) In the last period (t>t3), the cell was detached from the narrow tip portion, the current often showed a tip, then returned to the initial value. The completely detached cell showed a normal discocyte.
MATERIALS AND METHODS

Preparation
Two parameters expressing the "easiness" of the deformation and passage can be quantified. (i) The time required to pass through the narrow tip portion can be directly determined between the points of 50 % current changes (denoted as "passage time") . (ii) Another parameter is the velocity of the current decrease during the second period, since the current changes almost linearly with time for a wide range of the negative pressure (denoted as "velocity").
These parameters may be obtained from the first derivative curve, using a differential converter as described previously (SHIGA et al., 1971) , i.e., the minimal peak height represents the maximal velocity and the time between the minimal and maximal peaks may be approximated to the passage time.
RESULTS
1. Characteristics of the parameter, "velocity (v)" a) Two parameters, "velocity" and "passage time," were obtained for individual washed cells from the recorder traces (as shown in Fig. 2 ). The statistical distributions of both parameters were Gaussian, and the correlation coefficient (10 of more than 0.7 was obtained.
b) A linear relation between the velocity and the negative pressure (JP) was obtained (Fig. 3) . The extrapolated line passed the origin. However, if the pressure was too small, the cell could not be aspirated; and when the pressure was too large, the velocity exceeded the response time of the amplifier. Therefore, the pressure should be varied within a certain range, depending on the size of the Fig. 3 . The relation between the negative pressure and the "velocity."
The "velocity" is expressed by arbitrary unit.
The simulated Gaussian curves, using the observed mean and standard deviation, are shown together with the observed distributions. No rational relation between the sizes of the pipette orifice and the passage times was obtained. d) When negative pressure and the size of the micropipette orifice are suitably adjusted, the velocity (v) of the current decrease due to the entering red cell can be expressed by the following empirical equation :
(1) (Table  3) . As Table 3 . Effect of temperature on the velocity and passage time.
a The values are normalized .
temperature was lowered, the velocities were reduced and the passage times prolonged, i.e., the cells became harder. The double reciprocals of the velocities and temperature were linear (Fig. 4) . No distinct temperature break was observed within the experimental error between 11 and 37°C. In contrast, no simple correlation could be obtained between the passage time and temperature. The values of 1/"velocity" are normalized. 
DISCUSSION
Basic character of the "velocity" measurement. The present method is essentially an extension of BRAASCH'S method (1971) and similar to that of SCHLICK and SCHMID-SCHONBEIN (1975) , except (i) the micropipette is handled by a micromanipulator in order to aspirate the individual cells uniaxially from the rim portion of the cell and (ii) the time course of current change is used for obtaining the parameter expressing the deformability.
The results of the "velocity" measurements can be summarized as follows :
(i) the velocity is directly proportional to the applied negative pressure and to the area of the micropipette orifice, (ii) the velocities of the individual cells (of the same blood) differ but follow the Gaussian distribution, (iii) the double reciprocal plot of the velocities and temperature gives a straight line, (iv) the velocity decreases by the glutaraldehyde pretreatment, (v) the velocity decreases by in vivo and in vitro aging, and (vi) the velocity is unaffected by the plasma protein. Further, the velocity decreases in the cases where the membrane fluidity (measured by the fatty acid spin label motion in the membrane) decreases. Bum, et al. (1977) have proposed four requirements for analyzing the deformability, i.e., (i) the cell must be held, (ii) the stretching or compressing force must be controlled, (iii) the precise way for measuring deformation must be established, and (iv) the stress must preferably be applied uniaxially. Our present technique fulfills the requirements (ii) and (iv), but does not satisfy (i) and (iii), because it determines the kinetic properties but not the static quantities.
In this connection, EVANS and LA CELLE (1975) For the force F, we consider (i) the friction between the glass edge and the membrane, where ,u is the frictional coefficient and the constant a is assumed to be independent of v, and (ii) the bending elasticity of the membrane, which is proportional to the couple of forces for bending (i. e., the Young's modulus, E, of the membrane), 
